Collisionally pumped x-ray lasers are ideal for a wide variety of plasma diagnostics. They have been demonstrated over a wavelength range extending from 3.5 nm to 40 nm and have output energies as high as 10 mJ in 150 ps pulses. The beam divergence is less than 15 mrad and the linewidth /iiO' provides sufficient longitudinal coherence for interferometry.
Introduction
High density plasmas with electron densities exceeding 1021 cm3 and scale-lengths up to several mm are readily produced with large laser systems such as the Nova laser at Lawrence Livermore National Laboratory, and at several other laboratories around the world. The high brightness and short wavelengths available with collisionally-pumped X-ray lasers has made it possible to develop optical probe diagnostics ofthese large plasmas. These systems have been demonstrated to operate at wavelengths ranging from 3 .5 to 40 nm. Saturated output has been reported in selenium,1 germanium2 and yttrium3 using optical pumping and in argon4' using capillary discharges. Initially these sytems required high energy optical laser systems to produce a hot uniform plasma suitable for amplification. Considerable recent progress has been made using more sophisticated pumping hn61 to improve the efficiency and capabilities ofthese systems. At the same time recent advances in optical multi-layer technology12 has enabled construction ofoptical imaging systems for manipulating the soft x-ray beam as a probe source.
The experiments described in this report were all performed at the Nova two-beam laser facility, using one Nova beam to drive the x-ray laser and the other Nova beam to generate the plasma object. The x-ray laser was produced by irradiating an exploding foil 3 cm long yttrium target with one beam from Nova using a 600 ps square pulse at 0.53 pm wavelength and an intensity of 1.5x1014 W/cm2. The x-ray laser had an output energy of5-1O mJ, a divergence ofapproximately 10 mrad (FWHM) and an output pulse width of 80-100 ps. This system has been well characterized3 and has proved itseifrobust and effective for routine operation. For plasma probing experiments the x-ray laser beam was usually relayed by several Mo/Si multilayer mirrors: in most cases we used a 1 m radius spherical mirror to collimate the beam and another 1 m radius spherical mirror as an imaging optic. All multilayer mirrors consisted of 15-30 layer pairs ofMo/Si deposited on a superpolished (< 0. 1 pm roughness) fused silica substrate and had a measured reflectivity of 60±5 % at normal incidence. The effective bandpass ofthe multilayer mirror optical system was 0.8 nm centered at 15.5 urn. Depending on the particular experiment other multi-layer optics were often used for additional beam manipulations. For most experiments we recorded images with a CCD detector (a back illuminated TEK1O24B with 1024 by 1024 24 pm pixels) with a measured quantum efficiency of4O±1O% at 15.5 nm. Optical and UV light was blocked by a 100 nm aluminum filter placed in front of the CCD. The high brightness of the XUV laser combined with the narrow bandpass of the optical system and the filtering allowed us to record clean images with negligible background using this time-integrating detector.
In section 3 we discuss optical probing issues for high density plasmas and describe the main advantages of XUV sources for this purpose. Section 4 reviews a couple ofexamples ofusing the x-ray laser probes as a simple backlighter for shadowgraphy and radiography. Section 5 reviews the use ofthe x-ray laser for electron density measurements of laserproduced plasmas using interferometry. Conclusions and expectations for future developments are presented in Section 6.
Optical probing of high density plasmas
Optical probing techniques are often used to study plasmas, transparent fluids and transparent solids. Twodimensional imaging techniques ofvarying complexity include shadowgraphy, deflectometry (or schlieren and related methods) and interferometry. All are widely used in many applications because they can provide a rich level of detail. Generally the fluid disturbance or plasma flow under study appears as a transparent and weakly refracting object to the probe beam. One encounters limitations in using visible and near UV wavelengths for direct optical probing of large laser-produced plasmas mainly because these plasmas exhibit both strong absorption and strong refraction at the conventional probe wavelengths. Often the regions of interest are not weakly refracting, they can be opaque and they may contain a critical density layer which does not produce small perturbations on the probe beam. As we discuss below, both absorption and refraction ofoptical beams are greatly reduced when the wavelength ofthe probe beam is reduced, and the critical density surface is eliminated. This is the principal advantage to the use soft x-ray or extreme ultra-violet (XUV) sources for probing these plasma flows. However, even at the much shorter XUV wavelengths absorption and refraction must be considered, Figure 1 . Parameter space accessible for plasma probing using an optical laser (250 nm) and a soft x-ray laser (15.5 nm). Only bremsstrahlung absorption is considered. because they place the ultimate limits on the size or density of plasma that can be probed. Absorption places limits primarily on the maximum density ofthe plasma, while refraction places limits on the the magnitude of density gradients that can be tolerated.
One can estimate the constaint imposed by absorption through considering only bremsstrahlung opacities which is usually the single dominant absorption mechanism. For most high temperature plasmas of interest, the level of ionization is sufficient to eliminate any bound-free absorption in the soft x-ray region. Resonant line absorption is possible but very unlikely given the narrow bandwidth13 ofthe x-ray laser 1 pm. The bremsstrahlung absorption coefficient, a, is approximately given by14
where , a , is in cm the electron temperature, Te, and photon energy, hv, are in eV and electron density e and i on density ni are in cm3. The strong scaling with photon energy (oc y2 when hv << kTe) shows the advantage ofprobing with XUV sources. Therefore, ifwe consider only bremsstrahlung absorption in a plasma with 1 keV temperature and average ionization 30 (mid-Z plasma) we obtain from equation (1), a 3.6 x 1On for 15.5 urn. Ifwe allow for one optical depth (i.e. aL =1) of absorption we obtain nL =2.8 x iOfl. In Figure 1 we compare the electron density and plasma dimension accessible with a XUV laser source (15.5 nm) and a conventional UV laser source (250 nm). The strong wavelength scaling Refraction ofthe probe beam is sensitive to electron density gradients and ultimately affects spatial resolution and data interpretation. At 15.5 urn critical density is 4.6x1024 cm3 which is well above the densities ofmost plasmas of interest. For a simple plasma with a linear density gradient tie n0[1 -(yI y0 )], the deflection angle, 9, scales as 0 oc A2L I y0.
This strong scaling again makes it advantageous to use a short wavelength probe. In Figure 2 we compare the deflection angle after propagating through a 3 mm plasma for an optical (265 nm) and XUV (15.5 nm) probe source. At a fundamental level large deflection angles imply significant spatial blurring, reduced spatial resolution and the need for a fast imaging optic. For example, a 10 mrad deflection angle leads to 10 pm translation over a 1 mm long plasma. Light deflected by more than 25 mrad will not be collected by a f/20 imaging optic. In addition, since probe rays propagate through a range of electron densities interpretation ofthe results is more difficult for large deflections. 15 
Shadowgraphy and radiography
Shadowgraphy with an XUV laser illumination source is the least demanding type of diagnostic, and requires a simple arrangement involving only a single spherical mirror operating at near normal incidence. Micron scale resolutions are easily obtained even using a relatively slow f/20 imaging optic, owing to the short wavelength ofthe source. An example of a high resolution shadowgraph of a thin laser-accelerated foil is shown in Figure 3 . The target, a 3 jim Al foil coated with a 10 im CH ablator, was accelerated by a 1 ns, 0.53 im Nova beam focused to 1014 W/cm2. The image in Figure 3 was recorded I . 1 ns after the start of the drive pulse. The drive beam was smoothed with an arrangement consisting of a random phase plate and a segmented array ofwedges to produce a flat-top intensity distribution over a 0.7 mm diameter spot.16 The short wavelength ofthe XUV probe allows one to obtain micron-scale spatial resolution ofthe high density plasma close to the rear surface ofthe accelerated foil. Clearly visible in the recorded image are micron scale non-uniformities produced in the rear side ofthe accelerated and expanded aluminum. The information available in this data is limited, because it is difficult to infer a density profile or obtain a complete picture ofthe non-uniformities since the viewing direction was transverse to the foil. Nevertheless the conclusion obtained from these early studies was that the non-uniformities produced on the rear surface were seeded by early time imprinting of laser speckle from the smoothed drive beam. The amplitudes of non-uniformities were subject to Rayleigh-Taylor growth during the foil acceleration. More details of this work has been previously reported17 and demonstrated the potential of high resolution imaging with simple spherical multilayer mirrors. Unambiguous quantitative analysis of the results shown in Figure 3 is not possible owing to incomplete knowledge ofthe density profile, and due to the side-on viewing geometry. However the effects of imprinting and subsequent RayleighTaylor growth are amenable to far more precise and quantitative study once again using the XUV laser source in another experimental variation, this time using a viewing geometry that allows face-on radiography of the laser-accelerated foil. The observable of interest in this case is the areal density of the accelerating foil which can both be measured directly and modeled with two-or three-dimensional simulation codes. The potential of XUV lasers for studying this problem was first described by Key18 and the initial demonstrations were performed at the Nova two-beam facility by Kalantar et al. ' 9 Later studies using a Ge XUV laser to backlight accelerated Al foils were carried out at the Vulcan laser in a larger international collaboration.2° In studying this effect it is important to maximize the experimental sensitivity to target modulations so that measurements can be made early in the pulse before Rayleigh-Taylor growth has dominated. It is easy to show that the sensitivity is maximized when one uses a target with a large optical depth18 which then requires the use ofa bright probe. For example the 3 jim Si sample used in the initial experiments had an optical depth of 6.5 (attenuation of approximately 700), which produces a 10% modulation in the detected intensity for a 50 rim modulation in the local thickness ofthe target. Thus, it is powerful means to examine the initial imprint of small amplitude non-uniformities.
The experimental setup used for these experiments is shown in Figure 4 . In this experiment 3-4 jim Si foils are irradiated at 3x1012 W/cm2 with a 0.5 ns square, 0.35jim wavelength beam from the Nova laser. The driven foil is imaged with a spherical mirror (50 cm radius ofcurvature) onto a backthinned CCD detector. An additional flat mirror was used after the imaging optic to further reduce the bandpass of the system. The spatial resolution of this imaging system has been measured to be ijim and is limited by the CCD detector pixel size of 24 jim and spherical aberrations in the imaging system. The streak camera and second CCD camera were used to monitor the quality and timing of the XUV laser beam. In Figure 5 we show the recorded image for three different irradiation conditions all employing a smoothing by spectral dispersion21 (SSD) scheme to impose temporal and spatial modulations on the speckle pattern in the focal spot of the drive laser. Various levels ofthe modulation frequency bandwidth were investigated. Figure 5 (a) and (b) was taken 260 PS after start ofthe laser pulse to coincide with the breakout ofthe shock at the rear surface while Figure 5 (c) was taken at 400 PS after an interval ofRayleigh-Taylor growth. Figure 5 
Electron density measurement
Spatial variations in electron density of a plasma object produce variations in refractive index, which can be studied using methods sensitive directly to the refractive index (interferometry) or to gradients in the refractive index (schlieren techniques and deflectometry). In all cases these techniques place more stringent demands on the coherence properties of the illumination source than in the case of shadowgraphy. The high brightness (i.e. strong collimation) and coherence of the xUv beam make all ofthese techniques possible. Moire deflectometry is a means ofobtaining quantitative information on density gradients in a sample. It requires a highly collimated illumination but the experimental arrangement is not much more demanding than a shadowgraphy arrangement. For these reasons our initial measurements of electron density profiles in laser produced plasmas were obtained using Moire deflectometry.23 The technique is somewhat limiting, because it produces a signal proportional to the electron density gradient along only one dimension. However, its simplicity continues to have clear advantages; further demonstrations ofthis technique are reported in these proceedings.24 Interferometry has the advantage ofproviding much more detail on electron density profiles in plasmas since it yields a two-dimensional map of the electron density in the plasma. In the study oflaser produced plasmas optical interferometry has played a key role in the accurate measurement of electron density profiles for a variety of target conditions. Profile steepening due to radiation pressure was first quantified by Attwood et al.25 using a short pulse 265 nm optical interferometer. It has been used to measure electron density profiles in exploding foils under conditions relevant to x-ray 15 The filamentation instability in laser produced plasmas was investigated by Young et al.26' 27 also using optical interferometry. In all these cases, however, the size ofthe plasma and the peak electron density accessible were severely restricted by absorption and refraction. For these reasons there has existed a need to develop techniques operating at soft x-ray wavelengths where absorption and refraction effects can be mitigated.
In a plasma with electron density fle, the index of refraction, n is related to the critical electron density, 
where L is the path length through the plasma along which the beam propagates. The fringe shift can be evaluated directly over the entire two-dimensional field ofthe interferogram, and yield in turn the electron density directly as long as L is well defmed. However, interferometry demands an arrangement that is more complicated and is potentially difficult to execute given the limited coherence ofthe XUV lasers. The experimental setup used to probe plasmas is shown schematically in Figure 6 . The system consists of a collimated x-ray laser source, an imaging mirror and an interferometer. For our experiments we employed a Mach-Zehnder interferometer consisting of 2 flat multilayer mirrors and 2 multilayer beamsplitters operating at near-normal incidence. The beamsplitters used in the interferometer are the most critical element ofthe system. Soft x-ray beamsplitters with small apertures have been previously used in x-ray laser cavities28 but comparatively large open areas were necessary for our application. The clear aperture of the beamsplitters used in the interferometer was 1. was typically better than 500 nm for high quality silicon substrates but could be significantly worse (1000 nm) for conventional thin (0.4 mm) silicon wafers. The figure quality was also extremely sensitive to the tension ofthe silicon nitride membrane. The best results were obtained with high stress membranes ('-2OO MPa) which had a fabrication yield of approximately 30%. The measured reflectivity and transmission for these beamsplitters at 15.5 nm was 20% and 15% respectively. The overall throughput of each ann, accounting for the mirror and beamsplitter (one transmission and one reflection), was -0.0 18.
Alignment tolerances ofthe interferometer were dictated by the coherence properties ofthe illumination beam. The transverse coherence length after beam collimation was estimated to be L 50 -100 tm and the longitudinal coherence length was measured29 to be L 150 tim. The interferometer was pre-aligned on an optical bench using a 100 pm optical fiber and a white light source. Observation ofwhite light fringes was used to match the optical path lengths to better than 2 jim. Furthermore, overlap ofthe signal and reference beams was carefully adjusted to match better than 50 im at the object plane. The plasma to be probed was imaged onto a CCD with a 100 cm radius of curvature multilayer mirror with an effective focal ratio off/25. To reduce background self-emission a series of3 multilayer mirrors were used to narrow the bandpass ofO.4 nm, which is significantly broader than the 1 pm spectral width ofthe x-ray laser source. The image magnification was 19 giving a pixel limited resolution of1.3 tim.
In Figure 7 we show the interferogram of a plasma produced by irradiating a silicon wafer overcoated with lOjirn of CH. The target was in the shape of a triangle to allow a range ofplasma lengths to be probed simultaneously. The silicon substrate was polished to 0.7 nm rms roughness to produce a clean flat surface. The CH side was irradiated with a beam smoothed with same random phase plate and segmented wedges focusing scheme as used in the experiment of Figure 3 . A 1 ns square laser pulse with a wavelength of 0.53 m produced an intensity on target of 2.7x1013 W/cm2. The target was illuminated from the side by the x-ray laser beam 1.1 ns after the start ofthe laser pulse. The image shows excellent fringe visibility and very little self emission from the plasma. This interferogram was analyzed and compared to simulations in a recent work by Da Silva et al.3°M
ore recently we have used this interferometer to probe colliding plasmas which have relevance in inertial confmement fusion (ICF) hohlraum experiments. Colliding plasma experiments are motivated by the need to understand
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plasma interpenetration at the collision zone. Single-fluid Langrangian hydrodynamic codes used typically for ICF design work do not account for the effects plasma interpenetration. Without allowance for interpenetration the fluid elements collide and stagnate at the collision point, thus converting their kinetic energy to internal energy. The result is an unphysically large predicted ion temperature, as well as the production of strong shocks that propagate away from the collision zone. Furthermore, in some situations single fluid codes can also predict high velocity plasmajets or streaming plasmas, which are caused by related mechanisms. We investigated colliding plasma dynamics using a target geometry consisting oftwo pieces ofpolished silicon 3 mm by 2 mm that were coated with 2 jim of gold. The pieces were oriented at right angles and positioned as shown in Figure 8 with a gap between the inside edges. The target was irradiated with a 1 ns square laser pulse at an intensity of 3x1014 W/cm2, and 0.53 pm wavelength. The focal spot was 2 mm high and 0.5 mm wide and was produced by combining a cylinder lens and a random phase 16 The interferogram shown in Figure 9 was obtained at a time 1 .0 ns after the start ofthe drive. There is clear evidence ofplasma interpenetration and collision.
FigurelO(a) shows several electron density curves obtained at the central region ofplasma collision, for three different experiments recorded at different times and/or gap spacings. The experimental results showed clearly that when the collisionality is low enough (earlier time or larger gap) the counterstreaming plasmas interpenetrate significantly without developing a density maximum in the symmetry plane. The fluid-like collision does not develop until the size of the interpenetrating region approaches the size ofthe collision mean free path: in our case the region ofplasma stagnation and interpenetration was -lOOjtm which is larger than predicted by single fluid codes which neglect interpenetration. The 100 tm interpenetration size is, however, consistent with the ion-ion collision mean free path in the collision zone. A comparison of experimental density profiles obtained from three experiments is compared with LASNEX simulations in Figure 10 
Conclusions
The high brightness, and short wavelength ofXUV lasers make them ideal for probing large high density plasmas such as produced with current large laser facilities. Furthermore, these XUV sources are sufficiently coherent to allow interferometric imaging which can be used to produce detailed electron density measurements. We have demonstrated these capabilities using the yttrium XUV laser at the Nova two-beam facility. Recent developments at other laboratories around 
